We report a comprehensive study of the binary systems of the platinum-group metals with the transition metals, using high-throughput first-principles calculations. These computations predict stability of new compounds in 28 binary systems where no compounds have been reported in the literature experimentally and a few dozen of as-yet unreported compounds in additional systems. Our calculations also identify stable structures at compound compositions that have been previously reported without detailed structural data and indicate that some experimentally reported compounds may actually be unstable at low temperatures. With these results, we construct enhanced structure maps for the binary alloys of platinum-group metals. These maps are much more complete, systematic, and predictive than those based on empirical results alone.
I. INTRODUCTION
The platinum-group metals (PGMs)-osmium, iridium, ruthenium, rhodium, platinum, and palladium-are immensely important in numerous technologies, but the experimental and computational data on their binary alloys still contain many gaps. Interest in PGMs is driven by their essential role in a wide variety of industrial applications, which is at odds with their high cost. The primary application of PGMs is in catalysis, where they are core ingredients in the chemical, petroleum, and automotive industries. They also extensively appear as alloying components in aeronautics and electronics applications. The use of platinum alloys in the jewelry industry also accounts for a sizable fraction of its worldwide consumption, about 30% over the last decade [1] . The importance and high cost of PGMs motivate numerous efforts directed at more effective usage or at the development of less-expensive alloy substitutes. Despite these efforts, there are still sizable gaps in the knowledge of the basic properties of PGMs and their alloys; many of the possible alloy compositions have not yet been studied, and there is a considerable difficulty in the application of thermodynamic experiments because they often require high temperatures or pressures and very long equilibration processes.
The possibility of predicting the existence of ordered structures in alloy systems from their starting components is a major challenge of current materials research.
Empirical methods use experimental data to construct structure maps and make predictions based on clustering of simple physical parameters. Their usefulness depends on the availability of reliable data over the entire parameter space of components and stoichiometries. Advances in first-principles methods for the calculation of materials properties open the possibility to complement the experimental data by computational results. Indeed, many recent studies present such calculations of PGM alloy structures . However, most of these studies consider a limited number of structures, at just a few stoichiometries of a single binary system or a few systems [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Some cluster expansion studies of specific binary systems include a larger set of structures, but limited to a single lattice type (usually fcc) [18] [19] [20] [21] [22] [23] . Realizing the potential of firstprinciples calculations to complement the lacking, or only partial, empirical data requires high-throughput computational screening of large sets of materials, with structures spanning all lattice types and including, in addition, a considerable number of off-lattice structures [2, [26] [27] [28] . Such large-scale screenings can be used to construct lowtemperature binary phase diagrams. They provide insight into trends in alloy properties and indicate the possible existence of hitherto unobserved compounds [27] . A few previous studies implemented this approach to binary systems of specific metals-hafnium, rhenium, rhodium, ruthenium, and technetium [24, 25, [29] [30] [31] .
The capability to identify new phases is key to tuning the catalytic properties of PGM alloys and their utilization in new applications, or as reduced-cost or higher-activity substitutes in current applications. Even predicted phases that are difficult to access kinetically in the bulk may be exhibited in nanophase alloys [32] and could be used to increase the efficiency or the lifetimes of PGM catalysts.
Given the potential payoff of uncovering such phases, we have undertaken a thorough examination of PGM binary phases with the transition metals, using the first-principles high-throughput (HT) framework AFLOW [33, 34] . We find new potentially stable PGM phases in many binary systems, and comparing experimental data with our predictions, we construct enhanced Pettifor-type maps that demonstrate new ordering trends and compound-forming possibilities in these alloys.
II. METHODS
Computations of the low-temperature stability of the PGM-transition metal systems were carried out using the HT framework AFLOW [33, 34] . For each of the 153 binary systems studied, we calculated the energies of more than 250 structures, including all the crystal structures reported for the system in the phase-diagram literature [35, 36] and additional structures from the AFLOWLIB database of prototypes and hypothetical hcp-, bcc-, and fcc-derivative superstructures [33] . A complete list of structures examined for each binary system can be found on the online repository [34, 37] and in the supplemental material (see Ref. [38] ). The low-temperature phase diagram of a system is constructed as the minimum formation enthalpy convex hull from these candidate structures, identifying the ordering trends in each alloy system and indicating the possible existence of previously unknown compounds. It should be noted that there is no guarantee that the true ground states of a system will be found among the common experimentally observed structures or among small-unit-cell derivative structures. However, even if it is impossible to rule out the existence of additional unexpected ground states, this protocol (searching many enumerated derivative structures [39] and exhaustively exploring experimentally reported ones) is expected to give a reasonable balance between high-throughput speed and scientific accuracy to determine miscibility (or lack thereof) in these alloys. In Ref. [2] , it was shown that the probability of reproducing the correct ground state, if well defined and not ambiguous, is ? C $ 96:7% [''reliability of the method,'' Eq. (3)]. The calculations of the structure energies were performed with the VASP software [40] with projectoraugmented-wave pseudopotentials [41] and the exchangecorrelation functionals parametrized by Perdew, Burke, and Ernzerhof for the generalized gradient approximation [42] . The energies were calculated at zero temperature and pressure, with spin polarization and without zeropoint motion or lattice vibrations. All crystal structures were fully relaxed (cell volume and shape and the basis atom coordinates inside the cell). Numerical convergence to about 1 meV=atom was ensured by a high-energy cutoff (30% higher than the maximum cutoff of both potentials) and a 6000-k-point, or higher, Monkhorst-Pack mesh [43] .
The presented work comprises 39 266 calculations, performed by using 1:82 Â 10 6 CPU hours on 2013 Intel Xeon E5 cores at 2.2 GHz. The calculations were carried out by extending the preexisting AFLOWLIB structure database [34] with additional calculations characterizing PGM alloys. Detailed information about all the examined structures can be found on the online repository [34, 37] , including input/output files, calculation parameters, geometry of the structures, energies, and formation energies. In addition, the reader can prepare phase diagrams (as in Figs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] linked to the appropriate structure URL locations. The Supplemental Material contains the whole set of geometrical and relaxed structures with ab initio total energies and formation enthalpies (see Ref. [38] ).
The analysis of formation enthalpy is, by itself, insufficient to compare alloy stability at different concentrations and their resilience toward high-temperature disorder. The formation enthalpy, ÁHðA x B 1Àx ÞHðA x B 1Àx ÞÀxHðAÞÀ ð1ÀxÞHðBÞ, represents the ordering strength of a mixture A x B 1Àx against decomposition into its pure constituents at the appropriate proportion xA and ð1 À xÞB (ÁH is negative for compound-forming systems). However, it does not contain information about its resilience against disorder, which is captured by the entropy of the system. To quantify this resilience we define the entropic temperature
where i counts all the stable compounds identified in the AB binary system by the ab initio calculations, and the sign is chosen so that a positive temperature is needed for competing against compound stability. This definition assumes an ideal scenario [28] , where the entropy is S½fx i g ¼ Àk B P i x i logðx i Þ. This first approximation should be considered as indicative of a trend (see Fig. 1 of Ref. [28] and Fig. 1 ), which might be modified somewhat by a systemspecific thorough analysis of the disorder. T s is a concentration-maximized formation enthalpy weighted by the inverse of its entropic contribution. It represents the deviation of a system convex hull from the purely entropic free-energy hull, ÀTSðxÞ, and hence the ability of its ordered phases to resist the deterioration into a temperaturedriven, entropically promoted, disordered binary mixture.
compounds. Dozens of new compounds are also predicted in systems known to be compound forming.
The top panel of Fig. 1 gives a broad overview of the comparison of experiment and computation. Green circles (dark gray) indicate systems where experiment and computation agree that the system is compound forming. Light gray circles indicate agreement that the system is not compound forming. The elements along the axes of this diagram are listed according to their Pettifor parameter [44, 45] , leading, as expected, to compound-forming and non-compound-forming systems separating rather cleanly into different broad regions of the diagram. Most of the compound-forming systems congregate in a large cluster on the left half of the diagram and in a second smaller cluster at the lower right corner.
The systems for which computation predicts compounds but experiment does not report any are marked by red squares. As is clear in the top panel of Fig. 1 , these systems, which harbor potential new phases, occur near the boundary between the compound-forming and non-compoundforming regions of the diagram. They also fill in several isolated spots where experiment reports no compounds in the compound-forming region (e.g., Pd-W and Ag-Pd), and they bridge the gap between the large cluster of compoundforming systems, on the left side of the panel, and the small island of such systems at its center. The computations also predict ordered structures in most systems reported only with disordered phases (yellow circles in top panel of Fig. 1 ). Two disordered phases, and , turn up in the experimental literature on PGM alloys. In the HT search, we included all ordered realizations of these phases (the prototypes Al 12 Mg 17 and Re 24 Ti 5 are ordered versions of the phase, and the phase has 32 ordered realizations, denoted by XXXXX , where X ¼ A, B). In most of these systems, we find one of these corresponding ordered structures to be stable. The only exception is the Cr-Ru system, where the lowest-lying ordered phase is found just 4 meV=atom above the elements' tieline (yellow square in Fig. 1 ). These results thus identify the low-temperature ordered compounds that underlie the reported disordered phases. The calculated compound-forming regions are considerably more extensive than reported by the available experimental data, identifying potential new systems for materials engineering.
The bottom panel of Fig. 1 
RuZn 6 ðRuZn 6 Þ RuZn 6 ðRuZn 6 Þ À 132 forming when reaching thermodynamic equilibrium is presumably easier. That is not to say, however, that the predicted phases will necessarily be difficult to synthesize-some of the systems where the T s value is small have been experimentally observed to be compound forming (e.g., Cr-Pd, Au-Pd, Ag-Pt, Hg-Rh, and Co-Pt). T s decreases gradually as we move from the centers of the compound-forming clusters towards their edges. Most systems with low T s are adjacent to the remaining noncompound-forming region. This leads to a qualitative picture of compound stability against disorder, which is correlated with the position of a system within the compound-forming cluster and with larger clusters centered at systems with more stable structures. It is instructive to note that many obscure and large unit cell structures that are reported in the experimental literature are recovered in the HT search. For example, compounds of prototypes such as Mg 44 Rh Reference 
041035-10 systems similar to those in which they were identified experimentally. For example, the prototype Pd 3 Ti 2 , reported only in the Pd-Ti system [36] , also emerges as a calculated ground state in the closely related system Hf-Pd. In Hf-Pt, it appears as marginally stable, at 3 meV=atom above the convex hull, in agreement with a very recent experimental study that identified the previously incorrectly characterized structure of a Hf 2 Pt 3 phase [46] . In the systems we examined, there are nearly 50 phases reported in the experimental phase diagrams for which the crystal structure of the phase is not known. In half of these cases, the HT calculations identify stable structures for these unknown phases. For the other half of these unknown structures, our calculations find no stable compounds at the reported concentration, but find stable compounds at other concentrations. The reported phases (sans structural information) may, therefore, be due to phases that decompose at low temperatures or may merely represent samples that were kinetically inhibited and unable to settle into their stable phases during the time frame of the experiments.
The prototype database included in this study comprises both experimentally reported structures and hypothetical structures constructed combinatorially from derivative supercells of fcc, bcc, and hcp lattices [39, 47] . Occasionally, these derivative superstructures are predicted to be ground states by the first-principles calculations. In this work, we find compounds with five of these new structures, for which no prototype is known and no Strukturbericht designation has been given. These new prototypes are marked by a y in Tables III, IV , V, and VI, and their crystallographic parameters are given in Table VII . We also find a few other compounds with unobserved prototypes (marked by a ? in Tables I, II, III, IV, V, and VI) previously uncovered in related HT studies [2, 13, 25, 27, 29, 31] .
IV. STRUCTURE MAPS
Empirical structure maps present available experimental data in ways that highlight similarities in materials behavior in alloy systems. Their arrangement principles usually depend on simple parameters, e.g., atomic number, atomic radius, electronegativity, ionization energy, melting temperature, or enthalpy. Several well-known classification methods include Hume-Rothery rules Compounds Experiments [35, 36] Calculations ÁH meV/at. [52] , and Pettifor maps [44, 45] . These empirical rules and structure maps have helped direct a few successful searches for previously unobserved compounds [53] . However, they offer a limited response to the challenge of identifying new compounds because they rely on the existence of consistent and reliable experimental input for systems spanning most of the relevant parameter space. In many cases, reliable information is missing in a large portion of this space; e.g., less than 50% of the binary systems have been satisfactorily characterized [54] . This leaves considerable gaps in the empirical structure maps and reduces their predictive usefulness. The advance of HT computational methods makes it possible to fill these gaps in the experimental data with complementary ab initio data by efficiently covering extensive lists of candidate structure types [28] . This development was envisioned by Pettifor a decade ago [53] , and here we present its realization for PGM alloys. Figure 2 shows a Pettifor structure map, enhanced by our HT computational results, for structures of 1:1 stoichiometry. The elements along the map axes are ordered according to Pettifor's chemical scale ( parameter) [45] . Circles indicate agreement between computation and experiment, regarding the existence of 1:1 compounds, or lack thereof. If the circle contains a label (Strukturbericht or prototype), this denotes the structure that is stable in the given system at this stoichiometry. Rectangles denote disagreement between experiments and computation about the 1:1 compounds, in systems reported as compound forming (blue rectangles) or as non-compound forming (red and gray rectangles). In the lower left part of the map, there is a region of noncompound-forming systems, whereas the upper part of the map is mostly composed of compound-forming systems. In the upper part of the map, experiment and computation agree, preserving a large cluster of B2 structures, or differ slightly on the structure reported to have the lowest formation enthalpy at 1:1 (blue rectangles). For example, the 1:1 phases of Hf-Pd and Pd-Zr are unknown according to the phase-diagram literature, but we find the stable phases with B33 structure, right next to Hf-Pt in the diagram, which is reported as a B33 structure. Similarly, stable L1 0 structures are identified in the Ir-Ti and Rh-Ti systems, adjacent to a reported cluster of this structure. Two additional L1 0 structures are identified in the Cd-Pd and Pd-Zn systems, instead of the reported CuTi structures, extending a small known cluster of this structure at the bottom right corner of the map. These are examples of the capability of HT ab initio results to complement the empirical Pettifor maps and extend their regions of predictive input, in a way consistent with the experimental data.
In the middle of the map, in a rough transition zone between compound-forming and non-compound-forming regions, computation finds quite a few cases where stable compounds are predicted in systems where none have been reported experimentally (pink rectangles). Most prominent here is a large cluster of B19 compounds. Nine systems marked by light gray rectangles are reported in experiments as having no compounds, but our calculations find stable compounds at stoichiometries other than 1:1.
At the stoichiometries of 1:2 and 2:1, Fig. 3 shows significant additions of the calculations to the experimental data on compound formation. Again, the systems where computation finds stable compounds in experimentally non-compound-forming systems are found at the border between the compound-forming region (dark gray circles and white labeled circles) and the non-compound-forming region (light gray circles), or they fill isolated gaps within the compound-forming regions. The calculations augment Ti structure, appears at the lower center of both panels. In general, the clusters of blue rectangles show that the calculations augment the experimental results in a consistent manner. The structure map for 1:3 phases is shown in Fig. 4 . Similarly to the 1:1 and 1:2 maps, the calculation extends structural islands of the experimental data, most new phases in non-compound-forming systems occur in systems at the boundary between compound-forming and non-compound-forming regions, and there is significant agreement between the experimentally reported phases (or lack thereof) and calculated phases. In the upper part of the right panel, the L1 2 and D0 24 clusters are preserved with slight modifications at their boundaries (at Pt-Ti, the PuAl 3 structure is only 3 meV=atom lower than the experimental structure D0 24 , a difference too small to be significant). The D0 19 cluster is significantly expanded. In the left panel, the calculations introduce a new D0 19 island near the center of the diagram. New small regions of the D0 22 structures emerge at the right bottom of both panels. Adjacent D0 23 and CdPt ? 3 islands appear in the left and right panels, respectively. The experimental D0 e structure for RhZr 3 may actually be SV 3 since in the calculation the D0 e structure relaxed into the SV 3 structure, creating a small SV 3 island at the top of the left panel.
The structure maps of Figs. 2-4 give a bird's eye view of the exhaustive HT search for new structures. Consistent with the empirical maps, they show significant separation of different structures into regions where the constituent elements have a similar Pettifor number. The HT data significantly enhance the empirical maps, extend the regions of some structures, fill in apparent gaps, and indicate previously unsuspected structure clusters. Moreover, the HT data contain more detail than is apparent in the structure maps. Even when calculation and experiment agree that a system is compound forming [green (dark gray) circles in Fig. 1] , the calculations often find additional stable compounds, beyond those known in experiment. When the reported structures are found to be unstable in the calculation, they are Blue rectangles denote compound-forming systems where the reported and computed stable structures differ at 1:1 stoichiometry. The top label in the rectangle is the reported structure; the bottom label is the structure we find to be stable in this work. A dash ''-'' indicates the absence of a stable structure. Unidentified suspected structures are denoted by a question mark. Pink rectangles indicate systems reported as non-compound forming, with a dash at the top of the rectangle, but we find a stable 1:1 phase, identified at the bottom of the rectangle. Light gray rectangles indicate systems reported as non-compound forming where a structure is predicted at a stoichiometry different from 1:1. A dark gray rectangle indicates a system reported with a disordered compound where no stable structures are found in the calculation. COMPREHENSIVE SEARCH FOR NEW PHASES AND . . . PHYS. REV. X 3, 041035 (2013) 041035-13 usually just slightly less stable than the calculated ground state, or just slightly above the convex hull in a two-phase region. Such cases and numerous additional predictions of marginally stable structures harbor further opportunities for materials engineering and applications.
V. CONCLUSIONS
In this study, the low-temperature phase diagrams of all binary PGM-transition metal systems are constructed by HT ab initio calculations. The picture of PGM alloys emerging from this study is much more complete than FIG. 3 . A Pettifor-type structure map for 1:2 stoichiometry compounds in PGM binary systems. The symbols are as in Fig. 2 , with the map stoichiometry changed, respectively, from 1:1 to 1:2 or 2:1.
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PHYS. REV. X 3, 041035 (2013) that depicted by current experimental data, with dozens of stable structures that have not been previously reported. We predict ordering in 28 systems reported to be phase separating and in five systems where only disordered phases are reported. In addition, in the known ordering systems, we find many cases in which more phases are predicted to be stable than reported in the experimental phase diagrams. These ab initio results COMPREHENSIVE SEARCH FOR NEW PHASES AND . . . PHYS. REV. X 3, 041035 (2013) complement the ordering tendencies implied by the empirical Pettifor maps. Augmenting the experimental data compiled in the phase-diagram databases [35, 36] with high-throughput first-principles data [33, 34] , we construct Pettifor-type structure maps that point to new opportunities for alloys research. These maps demonstrate that the integration of the empirical and computational data produces enhanced maps that should provide a more comprehensive foundation for rational materials design. The theoretical predictions presented here will hopefully serve as a motivation for their experimental validation and be a guide for future studies of these important systems. The maps in Figs. 2-4 include a large number of light blue rectangles, pointing to experiment-theory mismatches on structures at simple compositions in binary systems known to be compound forming. This may raise reservations that the level of theory employed, DFT-PBE, may not be as good as commonly accepted for transition metal alloys. A more careful look, however, shows that many of these mismatches, e.g., HfIr, PdZr, Cd 2 Pt, CuPt 3 , and Au 3 Pd, involve cases where a compound of unknown structure has been reported by experiments. The calculation thus reveals the stable structure and closes the gap in the experimental data. In most other cases, e.g., RhZr, PtV, Ir 3 V, Rh 2 Ta, and Cu 3 Pt, the energy difference between the reported structure and the calculated structure or two-phase tieline is rather small and is congruent with the adjacent structure clusters in the maps. Similar improved consistency with reported structure clusters also appears in cases where the discrepancies are considerable, e.g., CdPd and PdZn. In addition, as discussed in Sec. III, the calculations reproduce many complex large unit-cell structures that are reported in the experimental literature. Moreover, it is important to remember that experiments are performed at room temperature or higher, while our calculations are carried out at zero temperature. Many phase discrepancies may therefore be due to vibrational promotion [55] or the tendency of structures to gain symmetries by losing their internal Peierls instabilities or Jahn-Teller distortions. Therefore, the disagreements emerging in our calculations may not be a sign of deficiencies in the theoretical treatment but a demonstration of its usefulness is bridging gaps in the experimental data and extending it towards unknown phase transitions at lower temperatures. The ultimate test of this issue rests with experimental validation of at least some of our predictions, which would hopefully be motivated by this work.
To help accelerate this process of experimental validation, discovery, and development of materials [56] , we will offer a public domain ''Application Programming Interface'' (REST-API [57] ) that will allow the scientific community to download information from the AFLOWLIB repository [37] . It would ultimately enable researchers to generate alloy information remotely on their own computers. Extension of the database to nanoalloys and nanosintered systems is planned within the size-pressure approximation (i.e., Fig. 2 of Ref. [58] ), to study trends of solubility and size-dependent disorder-order transitions and segregation in nanocatalysts [21, [58] [59] [60] and nanocrystals [61, 62] .
A few of our predictions correspond to phases where the driving force for ordering is small (i.e., the formation enthalpy is small, and it may be difficult to reach thermal equilibrium); however, it should be noted that some experimentally reported phases have similarly small formation enthalpies. Some of these predicted phases could be more easily realized as nanostructured phases, where the thermodynamics for their formation may be more favorable. Our results should serve as the foundation for finite-temperature simulations to identify phases that are kinetically accessible. Rapid thermodynamical modeling and descriptor-based screening of systems predicted to harbor new phases should be used to pinpoint those phases with the greatest potential for applications [28] . Such simulations would be an invaluable extension to this work; however, the necessary tools to accomplish them on a similarly large scale are not yet mature. Note added in proof.-While this paper was being prepared for publication, a new experimental study identified the new compound Hf 3 Pt 4 , of prototype Pd 4 Pu 3 [63] . Our calculations show that this structure is metastable in the HfPt system, at 19 meV/atom above the convex hull, as well as in the HfPd and PdZr systems. The same structure is predicted as a ground state in the RhZr, PtSc, PdSc, PtY, and PdY systems. COMPREHENSIVE SEARCH FOR NEW PHASES AND . . . PHYS. REV. X 3, 041035 (2013) 
